A frequency-reconfigurable antenna based on periodically loading ferroelectric MIM capacitors along a slot loop is designed, fabricated, and measured. The antenna is fabricated on a 430-m-thick sapphire substrate with a total area of 1×1 cm 2 . The size of the slot loop is 2.5×2.5 mm 2 . By changing the bias voltage of the ferroelectric varactors from 0 V to 7 V, the resonant frequency of the varactor-loaded antenna can be tuned from 5.57 GHz to 7.33 GHz, corresponding to a tuning range of 27.3%, while keeping the return loss greater than 10 dB. At 5.57 GHz, the size of the slot loop is 0.046×0.046 0 2 . When biased at 7 V, the antenna gain is À10.8 dBi at 7.35 GHz. Under 0-V bias, the P in,1 dB of the tunable antenna is 18.8 dBm at 5.6 GHz.
Introduction
The effective bandwidth of an antenna can be increased by introducing frequency agility. Frequency-reconfigurable antenna design is often based on the idea of loading the radiating structure with switches or variable capacitors (varactors). In applications where the antennas need to operate at discrete frequency bands that are far apart, discrete switching is practical. On the other hand, when a continuous frequency range must be covered, varactor tuning is required.
Being a uniplanar structure, which has signal and ground on the same side of the substrate, slot loop allows for easy integration with varactors, thereby simplifying the fabrication process and lowering the associated cost. Slot loop antennas can be fed with either microstrip or coplanar waveguide (CPW) transmission lines. While microstrip feed provides more design parameters for impedance matching [1] , direct CPW feed favors simple fabrication and easy integration with active devices [2, 3] .
Continuously tunable slot loop antennas are often implemented by loading the loop with either semiconductor-based varactor diodes [1, 4] or ferroelectric varactors [5, 6, 7] . Performance summary of prior arts is shown in Table I . Varactor diodes are able to provide a capacitance tuning ratio of 5:1 or higher when reverse-biased up to 20 V. Previous work has shown that, for slot loop antennas with varactor-diode loading, more than 20% frequency tuning range can be achieved [1, 4] . On the other hand, despite of their high quality factor and good power handling capability [8] , ferroelectric varactors usually have lower capacitance tuning ratio (often biased below 3:1 voltage for reliable operation) when compared to semiconductor-based varactor diodes. Therefore, the reported tuning range of ferroelectric-based reconfigurable antennas is mostly lower than that of ) † 0.082×0.082 0.086×0.086 0.21×0.021 ‡ 0.067×0.067 0.046×0.046 * Calculated or estimated from the available data or figures from the paper # Frequency range over which the return loss is greater than 10 dB $ Under 0-V bias † λ 0 is defined as the wavelength in free space at the lower end of the frequency range ‡ Folded slot IEICE Electronics Express, Vol.10, No.16, 1-9 their diode-based counterparts.
In this work, by periodically loading ferroelectric MIM capacitors along a slot loop, we demonstrate a frequency-reconfigurable antenna that achieves a frequency tuning range greater than 27% under 7-V bias voltage. Though still lower than that of the state-of-the-art diode-based tunable antennas, to our knowledge, this represents the widest frequency tuning range ever achieved by a ferroelectric-based tunable antenna. Furthermore, the proposed antenna is significantly miniaturized. At the lower end of the operating frequency, the slot loop occupies an area of 0.046 0 ×0.046 0 , which is electrically smaller than the loop area of any prior art listed in Table I . Finally, the P in,1 dB (the input power at which the antenna gain deviates from its small-signal value by 1 dB) of the tunable antenna is measured to be 18.8 dBm, which agrees well with the simulation result.
Antenna structure and design
The structure of the proposed frequency-reconfigurable slot loop antenna is shown in Fig. 1 . The antenna is designed on a 430-m-thick sapphire substrate with an area of 1×1 cm 2 . The radiating structure is a square slot loop. The width of the slot is 10 m. The simulated characteristic impedance of the slot line is 36 . Simulation results show that, as the width of the slot increases, both the characteristic impedance of the slot line and the real part of the antenna impedance are increased. Hence, impedance matching can be achieved through adjusting the width of the slot.
As shown in Fig. 1 , the size of the metal inside the slot loop is 2.5×2.5 mm 2 . According to the electric-field distribution along the slot loop obtained by full-wave simulations, at the resonant frequency of 15.3 GHz (unloaded), the perimeter of the slot loop is around one guided wavelength.
The slot loop is inductively fed with a 50-CPW transmission line. CPW is chosen as the feed structure because it is uniplanar, allowing for simple fabrication process. As shown in Fig. 1 , the width and gap of the CPW line are 50 m and 20 m, respectively. To facilitate the mounting of SMA connector at the edge of the substrate, the feed line is tapered to a wider dimension (500/180 m) while its characteristic impedance is kept at 50 . The slot loop is periodically loaded with six ferroelectric MIM capacitors. The top view and side view of the ferroelectric capacitor are shown in Fig. 2 . The MIM capacitor is a sandwich structure of platinum bottom electrode, ferroelectric BST (barium strontium titanate) thin film, and platinum/gold top electrode. As can be seen in Fig. 2 , the top and bottom metal electrodes are laid out so that they form a cross. This type of layout has the advantage that the overlapping area is insensitive to the misalignment between top and bottom metal layers [9] , which is inevitable in practice. In our process, the capacitance density is approximately 20 fF/m 2 . Detailed fabrication process will be described in Section III.
Simulation results show that when the capacitance loading of the slot loop is swept from 1.5 pF to 0.75 pF, the resonant frequency of the antenna can be tuned from 5.4 to 7.1 GHz, corresponding to a tuning range of 27.2%. Comparing the resonant frequencies of the loaded and unloaded slot loop, it can be calculated that the predicted miniaturization factor [10] is as high as 2.83. In summary, by loading variable capacitors along the slot loop, significant amount of frequency tuning and size reduction can be simultaneously achieved.
Fabrication process and measurement results
The frequency-reconfigurable slot loop antenna is fabricated on a c-plane sapphire substrate with a thickness of 430 m. The fabrication process is as follows. First, bottom electrodes made of Cr/Pt (5/100 nm) are formed on the sapphire substrate using thermal/e-gun evaporation and standard liftoff process.
Next, ferroelectric BST thin film is deposited using pulsed laser deposition (PLD) technique with a Ba 0.5 Sr 0.5 TiO 3 target. The wavelength and energy of the laser pulses are 248 nm and 180 mJ, respectively. The substrate temperature is 850℃. During deposition, continuous flow of oxygen is supplied. The oxygen pressure is maintained at around 250 mTorr. With 7500 shots of laser pulses hitting the target at 10-Hz repetition rate, 200-nm-thick BST thin film is deposited. The deposition rate is calculated to be 2.7 Å/s. The thin film is then etched using diluted HF solution (100:15 DI:HF) to expose the bottom electrodes for ground connection. Following that, top electrodes made of Ti/Pt/Ti/Au (5/100/5/1000 nm) is formed using e-gun evaporation, thermal coating, and standard lift-off process. Finally, an SMA connector is mounted at the edge of the substrate using silver epoxy to facilitate measurement. A reference antenna with no ferroelectric capacitor loading is also fabricated for comparison. The photographs of the frequency-reconfigurable slot loop antenna and one of the ferroelectric MIM capacitors are shown in Fig. 3(a) and (b), respectively.
To characterize the ferroelectric MIM capacitors, a sample with only ferroelectric capacitors is also fabricated in the same fabrication run. As shown in Fig. 4 , the measured capacitance of a capacitor that has the same size as that of those capacitors in the reconfigurable antenna is plotted versus the applied bias voltage. The overlapping area of the MIM capacitor is originally designed to be 8×8 m 2 . However, due to the overdevelopment of the photoresist when fabricating the bottom electrodes, the actual overlapping area turns out to be around 7.5×10 m 2 . As can be seen in Fig. 4 , the capacitance is approximately 1.5 pF at 0-V bias and can be reduced to 0.75 pF when the bias voltage is increased to 6 V. Under 6-V bias, the quality factor of the capacitor is 14 at 6.4 GHz.
The return losses of the loaded and unloaded slot loop antennas are measured. The bias voltage for the ferroelectric varactors is supplied through a bias tee. The measured return losses of the varactor-loaded and unloaded slot loop antennas are compared in Fig. 5(a) . The resonant frequency of the unloaded antenna is fixed at 15.43 GHz. On the other hand, as shown in Fig. 5(b) , when the bias voltage is increased from 0 V to 7 V, the resonant frequency of the reconfigurable antenna can be tuned from 5.57 GHz to 7.33 GHz, which translates into a tuning range of 27.3%. At 0-V bias, a miniaturization factor as high as 2.77 is achieved.
The far-field radiation patterns of the loaded and unloaded slot loop antennas are measured in the anechoic chamber of National Central University. The measured normalized radiation patterns of the tunable slot loop antenna at 7.35 GHz under 7-V bias are shown in Fig. 6 . The E and H planes correspond to the x-z and y-z planes in Fig. 1 , respectively. As shown in Fig. 6 , the H-plane pattern is omnidirectional whereas the E-plane pattern has nulls along the x axis. Due to the presence of the SMA connector, the measured E-plane pattern is not symmetrical about the z axis.
For bias voltage ranging from 0 V to 7 V, the measured antenna gain is plotted versus the resonant frequency in Fig. 7 . As can be seen, the antenna gain drops as the resonant frequency decreases, which is due to the fact that the antenna becomes electrically smaller and therefore less efficient at lower frequencies. Maximum antenna gain of À10.8 dBi occurs at 7.35 GHz under 7-V bias. The unloaded antenna exhibits similar antenna patterns but a better gain of À1.82 dBi at 15.45 GHz. The gain of the proposed frequencyreconfigurable antenna is not high primarily because it is significantly miniaturized. The size of the slot loop is only 0.046 0 ×0.046 0 and 0.061 0 ×0.061 0 at 5.57 GHz and 7.33 GHz, respectively. Another reason for the low gain is that, in our fabrication process, the metallization layers are rather thin. The top metal layer is only about one skin depth and the bottom metal layer is far less than the skin depth. The thin bottom electrodes limit the quality factor of the ferroelectric MIM capacitors, which in turn impacts the antenna gain. Gain enhancement is expectable if thicker metal layers are used. As shown in Fig. 8 , simulations have been done to evaluate the potential gain improvement that could be obtained by increasing the metal thickness. In the simulations (carried out using HFSS), the capacitance of the varactors is swept from 1.5 pF to 0.75 pF. The loss of the varactors is taken into account by specifying their equivalent parallel resistance using the Lumped RLC Boundary in HFSS. Based on the measurement results of the ferroelectric MIM capacitors, the equivalent parallel resistance is calculated to be 350 for a 0.75-pF capacitance and 180 for a 1.5-pF capacitance. As can be seen in Fig. 8 , the simulation results show that, when the thickness of the gold metal layer (denoted by t) is increased from 1 m to 5 m, gain enhancement of about 1.5 dB can be obtained. To evaluate the impact of lossy varactors on the antenna gain, an antenna with lossless varactor loading is also simulated. Comparing the two curves with square markers in Fig. 8 , one can find that the gain drop resulting from the varactor loss is between 2.4 dB and 3.1 dB, depending on the frequency of interest. Based on another simulation, the antenna gain can be improved by about 1.3 dB if the quality factor of the ferroelectric capacitors is twice as large as its current value. Finally, P in,1 dB of the frequency-reconfigurable antenna is measured by using the antenna under test as the transmitting antenna and a 5.8-GHz patch antenna as the receiving antenna. The bias voltage is 0 V and the frequency of the input CW signal is 5.6 GHz. Note that 0-V bias represents the worst case for large-signal characterization because, according to the IIP 3 and hot-tuning measurement results in [11] , ferroelectric BST capacitor is most nonlinear when biased at 0 V. As shown in Fig. 9 , the relative antenna gain is plotted versus the input power. The gain deviates by 1 dB as the input power is increased to 18.8 dBm. Instead of gain compression, gain expansion is observed, which agrees well with the simulation result obtained using the nonlinear capacitor model built based on the measured C-V curve.
Conclusion
In this letter, the design, fabrication process, and measurement results of a frequency-reconfigurable slot loop antenna based on ferroelectric MIM capacitors are presented. Compared with other continuously tunable slot loop antennas listed in Table I , the proposed antenna exhibits wide frequency tuning range under low bias voltage and has a compact size and high linearity. The gain of the proposed antenna is low due to its electrically 
